A common cellular response to DNA damage is cell cycle arrest. This checkpoint control has been the subject of intensive genetic investigation, but the biochemical mechanism that prevents mitosis following DNA damage is unknown. In Schizosaccbaromyces potnbe, as well as vertebrates, the timing of mitosis under normal circumstances is determined by the balance of kinases and phosphatases that regulate inhibitory phosphorylation of Cdc2. In S. pombe, the phosphorylation occurs on tyrosine-15. This method of mitotic control is also used in S. pombe to couple mitosis with completion of DNA replication, but the role of Cdc2 tyrosine phosphorylation in the Chkl kinase-mediated DNA damage checkpoint has remained uncertain. We show that, in contrast to recent speculation, the Gj DNA damage checkpoint arrest in S. pombe depends on the inhibitory tyrosine phosphorylation of Cdc2 carried out by the Weel and Mikl kinases. Furthermore, the rate of Cdc2 tyrosine dephosphorylation is reduced by irradiation. This result implicates regulation of Cdc2 tyrosine dephosphorylation, mainly carried out by the Cdc25 tyrosine phosphatase, as an important part of the mechanism by which the DNA damage checkpoint induces Cdc2 inhibition and G2 arrest.
Cell cycle arrest in response to DNA damage is an im portant mechanism used to maintain genome integrity (Weinert and Hartwell 1988; Hartwell and Kastan 1994) . In most cases, DNA damage leads to cell cycle arrest until the damage can be repaired or, in metazoan cells, programmed cell death can be activated. In the case of DNA damage during G2, the cell cycle is arrested at the G2-M transition point. For a normal mammalian or fis sion yeast cell cycle, the timing of the G2-M transition is controlled by the inhibitory phosphorylation of Cdc2 Nurse 1986, 1987; Gould and Nurse 1989; Krek and Nigg 1991; Norbury et al. 1991; McGowan and Russell 1993) . In Schizosaccharomyces pombe, this phosphorylation occurs on tyrosine-15, whereas in mam malian cells the phosphorylation of both tyrosine-15 and threonine-14 play important roles in mitotic control. The tyrosine phosphorylation of Cdc2 is regulated by the balance of the activities of the tyrosine-15 kinases, en coded in S. pombe by weel^ and mikl* (Russell and Nurse 1987; Featherstone and Russell 1991; Lundgren et al. 1991; Parker et al. 1992; Lee et al. 1994) , and phos phatases, the major one being encoded by cdc25* (Rus sell and Nurse 1986; Millar et al. 1991) . During G^ in S. pombe, Cdc2 is bound to cyclin B and is phosphorylated 'Corresponding author. E-mail prussell@scripps.edu; FAX (619) 784-2265. on threonine-167, but its activity remains low as a result of the phosphorylation of tyrosine-15, the only tyrosine residue of Cdc2 that is phosphorylated, and mitosis is prevented (Gould and Nurse 1989; Gould et al. 1991) . At the G2-M transition, Cdc2 is tyrosine dephosphorylated and activated, and mitosis ensues.
The G2 DNA damage checkpoint has been investi gated in a number of systems, but the mechanism of the arrest has remained unclear. In Saccharomyces cerevisae, it has been shown that the checkpoint is indepen dent of CDC28 tyrosine phosphorylation (Sorger and Murray 1992) . This may reflect the fact that, in S. ceievisiae, CDC28 tyrosine phosphorylation does not play a central role in mitotic control (Amon et al. 1992; Sorger and Murray 1992) . In mammalian cells there have been several studies that show a correlation between activa tion of the G2 DNA damage checkpoint, tyrosine phos phorylation of Cdc2, and a failure to activate Cdc25C (O'Connor et al. 1994; Herzinger et al. 1995) . However, it was not possible to determine whether these observa tions were the cause or effect of the checkpoint. Re cently it has been shown that expression of an unphosphorylatable mutant of Cdc2, Cdc2-AF, in HeLa cells compromises the G2 DNA damage checkpoint. Cdc2-AF cells irradiated during S phase fail to exhibit a normal G2 delay (Jin et al. 1996) . Cdc2-AF expression also prevents Cdc2 activation from being blocked by radiation during G2 (A. Blasina and C. McGowan, pers. comm.) . These findings suggest that maintenance of the inhibitory phosphorylation of Cdc2 is important for the G2 DNA damage checkpoint in mammaUan cells, although there may also be other mechanisms that contribute to the checkpoint.
In S. pombe, a large number of genes involved in both the G2 DNA damage checkpoint and the S-phase repli cation checkpoint have been identified. Many of these genes, includingr^di, rad3, rad9, andradl7, are required for both the DNA damage checkpoint and the replication checkpoint that prevents mitosis in the presence of unreplicated DNA (al-Khodairy and Carr 1992) . It is thought that these genes, which are collectively referred to as the checkpoint rad genes, are involved in a signal transduction pathway that results in the inhibition of mitosis. For the replication checkpoint, it is believed that mitosis is inhibited by maintaining Cdc2 in its ty rosine phosphorylated G2 form (Enoch and Nurse 1990; Sorger and Murray 1992) . In contrast, it has been pro posed that the DNA damage checkpoint acts by a differ ent mechanism, dependent on the protein kinase Chkl, that does not require Cdc2 tyrosine phosphorylation (Sheldrick and Carr 1993; Carr 1995) . chkl is a check point gene that acts downstream of the checkpoint rad genes and appears to be required only for the DNA dam age checkpoint and not the replication checkpoint (Wal worth et al. 1993; al-Khodairy et al. 1994; Walworth and Bernards 1996) . It is thus conceivable that the check point pathway diverges after the checkpoint rad genes, with the replication checkpoint signal leading to inhibi tion of mitosis by tyrosine phosphorylation of Cdc2, whereas the DNA damage signal is transduced by Chkl to inhibit mitosis through a Cdc2 tyrosine phosphorylation-independent mechanism. We undertook to test this idea and found, on the contrary, that the Chkl depen dent DNA damage checkpoint acts to prevent mitosis via inhibitory tyrosine phosphorylation of Cdc2.
Results

Tyrosine phosphorylation of Cdc2 is maintained during a radiation-induced G2 cell cycle arrest
Initially, we examined the tyrosine phosphorylation state of Cdc2 during a -y-radiation-induced cell cycle ar rest. Centrifugal elutriation was used to generate a syn chronous population of wild-type cells. These cells were irradiated early in G2 with 100 Gy, enough to delay mi tosis for ~1 hr relative to an unirradiated sample of the culture (Fig. lA) . Complexes between Cdc2 and Cdcl3, which constitute the S. pombe mitotic CDK/cyclin B pair, were isolated by immunoprecipitation with a-Cdcl3 antiserum. The immunoprecipitated Cdc2 was assayed for tyrosine phosphorylation by immunoblotting with monoclonal a-phosphotyrosine antibodies. As an internal control, the blot was reprobed with monoclonal antibodies against the PSTAIR motif of Cdc2. During the period of the cell cycle arrest induced by 7-radiation, Cdc2 remained in its tyrosine phosphorylated interphase form, even though the cells continued to grow past the size at which Cdc2 is normally dephosphorylated (Fig.  IB) . Not until 180 min, as irradiated cells began to enter mitosis, did Cdc2 become tyrosine dephosphorylated. In addition, the a-PSTAIR signal decreased shortly after the dephosphorylation of Cdc2, as a result of the destruction of Cdcl3 as cells exit mitosis (Moreno et al. 1989) . The fact that the amount of coprecipitated Cdc2 does not decrease during the arrest shows that the checkpoint does not operate by destroying Cdcl3 or by otherwise disrupting the Cdc2/Cdcl3 complex. We have repeated this experiment to examine the tyrosine phosphoryla tion of total Cdc2 instead of Cdcl3 bound Cdc2 and found identical results ( Fig. 5C , below; data not shown). Thus in S. pombe, Cdc2 is maintained in its tyrosine phosphorylated form during a radiation-induced cell cycle arrest.
Cdc2 tyrosine-15 phosphorylation is required for the G2 DNA damage checkpoint
To determine whether the observed correlation between radiation-induced cell cycle arrest and Cdc2 tyrosine phosphorylation reflects an important role for Cdc2 phosphorylation in the checkpoint, we examined the ra diation response of cells expressing an unphosphorylat-Cold Spring Harbor Laboratory Press on November 2, 2017 -Published by genesdev.cshlp.org Downloaded from able form of Cdc2. Cdc2-Y15F has a phenylalanine in place of tyrosine-15, and is therefore not subject to regu lation by tyrosine phosphorylation (Gould and Nurse 1989) . Centrifugal elutriation was used to produce a syn chronous G2 culture of a cdc2-Y15F strain, carrying this dominant cdc2-Y15F allele integrated in a cdc2* back ground. One-half of this culture was exposed to 7-radiation for the duration of the experiment. The irradiated and unirradiated cultures proceeded through mitosis with indistinguishable kinetics (Fig. 2) . Thus, in the ab sence of tyrosine phosphorylation of Cdc2, the DNA damage checkpoint is abolished.
Overproduction of Cdc25 overrides the G2 DNA damage checkpoint
As an independent confirmation of the importance of Cdc2 tyrosine-15 phosphorylation in the DNA damage checkpoint, we examined the effect of overexpressing Cdc25, the major Cdc2 tyrosine-15 phosphatase, on the radiation response. If tyrosine phosphorylation of Cdc2 is necessary to prevent mitosis in response to DNA dam age, then dephosphorylating Cdc2 by overexpressing Cdc25 should abrogate this radiation checkpoint, as it does the replication checkpoint (Enoch and Nurse 1990 ).
To test this prediction, we used a strain carrying an in tegrated copy of cdc25* driven by the strong thiamine repressible nmtl promoter (Maundrell 1990 ) in a cdc25^ background. The nmtl-cdc25^ cells were grown in me dia lacking thiamine to induce overexpression of Cdc25, and then irradiated for 3 hr at 200 Gy/hr. Cdc25 overex pression overrides the DNA damage checkpoint, pre venting cells from arresting in response to radiation (cf. The cells (GL198) in the left panels were exposed to 7-radiation for 3 hr; those in the right panels were not. Cells in the top panels were grown for 23 hr in media lacking thiamine and therefore express high levels of Cdc25; those in the bottom panels were grown with thiamine and so do not overexpress Cdc25. Arrowheads show septa, which indicate cells that have just finished mitosis. The asymmetric septum in the top right panel is a common result of premature mitosis and is occasion ally seen in cells overexpressing Cdc25.
[B] Chkl overexpres sion arrest requires tyrosine-15 phosphorylation of Cdc2. cdc2-Y15F (NR1775) or wild-type (BF1758) cells carrying an inte grated nmtl-GST-chkV fusion were grown in the absence {left panels) or presence {right panels), of thiamine for 18 hr. Simi lar results were obtained using an unintegrated nmtl-chkl fu sion without the GST tag (data not shown). {A,B] Bar, -10 pm.
overexpressing Cdc25 arrested within 1 hr of of the ini tiation of irradiation, whereas the nmtl-cdc25* cells overexpressing Cdc25 continued to divide for >3 hr.
cdc2-Y15F cells are insensitive to Chkl overproduction
The Chkl kinase is required for the DNA damage check point and is believed to be a downstream member of the checkpoint signal transduction pathway (Walworth and Bernards 1996) . Overexpression of Chkl from the nmtl promoter causes cells to arrest in G2 and elongate (Ford et al. 1994 ; data not shown). It is thought that this phe-
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GENES & DEVELOPMENT The maintenance of Cdc2 tyrosine phosphorylation dur ing a DNA damage-induced arrest could be a result of either an increase in the rate of phosphorylation, a de crease in the rate of dephosphorylation, or both. We in vestigated these possibilities by removing the Cdc2 ty rosine kinases during radiation-induced arrest. Weel and Mikl are the two tyrosine kinases responsible for phosphorylating Cdc2 on tyrosine-15, with Weel having the major activity (Lundgren et al. 1991) . weel-50 mikl A double mutant cells, which have a temperature-sensitive weel allele and lack a mikl gene, grow normally at the permissive temperature of 25°C, but when shifted to the restrictive temperature of 35°C, at which temperature Weel-50 displays no measurable activity, they rapidly lose detectable Cdc2 tyrosine phosphorylation and enter mitosis regardless of size (Lundgren et al. 1991) . We ar rested a synchronous G2 population of weel-50 mikl A cells with -y-radiation at 25°C and then shifted half of the culture to 35°C, maintaining both cultures in the con tinued presence of radiation. Under these conditions, the cells at 25°C stayed arrested, whereas the cells at 35°C rapidly divided (Fig. 4) . This result confirms the cdc2-Y15F results by demonstrating that the activities of Weel and Mikl, and thus presumably the tyrosine-15 phosphorylation of Cdc2, are required to maintain a cell cycle arrest in response to ionizing radiation. However, the irradiated weel-50 mikl A cells shifted to 35°C did show a mitotic delay of -40 min, relative to the unirra diated control (Fig. 4) . Thus, even in the absence of Cdc2 tyrosine-15 kinase activity, the cell cycle can be delayed in response to DNA damage. This result shows that regulation of the Weel and Mikl kinases is not abso lutely required for a transient checkpoint delay. Because, as we have shown, tyrosine phosphorylation of Cdc2 is absolutely required for the DNA damage checkpoint, the ability of cells to delay mitosis in the absence of the Cdc2 tyrosine kinases implicates regulation of Cdc2 ty rosine dephosphorylation in the checkpoint mechanism.
To confirm that Cdc2 tyrosine dephosphorylation is regulated by the DNA damage checkpoint, we directly monitored the level of Cdc2 tyrosine phosphorylation in irradiated cells after the elimination of Weel and Mikl. weel-50 mikl A cells were synchronized, irradiated, and analyzed as the wild-type cells in Figure 1, Minutes after elutriation Figure 4 , The Cdc2 tyrosine-15 kinases, Weel and Mikl, are required for a radiation-induced Gj cell cycle arrest. Synchro nous G2 cultures of weel-50 miklA (PR754) or wild-type (PR109) cells were arrested by exposure to 7-radiation at the permissive temperature of 25°C for 60 min. Then half of both the irradiated and unirradiated cultures were shifted to the re strictive temperature of 35°C and radiation exposure was con tinued. Every 20 min the cultures were examined microscopi cally to determine what percent of the cells had gone through mitosis. For clarity, the data for the unirradiated weel-50 miklA culture at 25°C and both wild-type cultures at 25°C are not shown.
after exposure to radiation half of the culture was shifted to 35°C. As in the continuous exposure experiment (Fig.  4) , the weel-50 miklA cells shifted to 35°C showed a radiation induced delay of mitosis (Fig. 5A ). However, they also showed a corresponding radiation-induced de lay in dephosphorylation of Cdc2 (Fig. 5B) . Thus, radia tion exposure causes Cdc2 to be maintained in its inac tive tyrosine phosphorylated state even in the absence of active Cdc2 tyrosine kinases. In Figure 5B , the a-PSTAIR signal decreased shortly after the dephosphorylation of Cdc2, as a result of the destruction of Cdcl3 as cells exit mitosis (Moreno et al. 1989) . To show more clearly that the observed decrease in the a-phosphotyrosine signal is attributable to de phosphorylation of Cdc2 and is independent of the de crease in the amount of immunoprecipitated Cdc2, we repeated the above experiment, but isolated total Cdc2 instead of that bound to Cdcl3. As above, Cdc2 stayed tyrosine phosphorylated at its interphase level during the radiation arrest. It was then rapidly dephosphorylated as the cells began to enter mitosis (Fig. 5C ).
Discussion
The role of Cdc2 tyrosine-15 phosphorylation in the G2 DNA damage checkpoint
We have shown that the G2 DNA damage checkpoint in S. pombe is completely dependent upon the inhibitory phosphorylation of Cdc2 on tyrosine-15. This is demon strated by three independent methods of compromising
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Cold Spring Harbor Laboratory Press on November 2, 2017 -Published by genesdev.cshlp.org [B] Cdc2 coimmunoprecipitated from samples of the same cultures with a-Cdcl3 antibodies was analyzed as in Fig. 1 . All samples were analyzed on the same gel and data shown is from the same exposure. The background band at the bottom of the a-phosphotyrosine blots is a result of immunoglobulin light chain. (C) The experiment was repeated, but total Cdc2 was isolated by binding to Suclcoated beads (Brizuela et al. 1987) . The time at which half the cells had septated is circled. The irradiated 120-min sample was lost during preparation.
the ability of cells to phosphorylate Cdc2. First, a sub stitution of a phenylalanine for tyrosine-15 in Cdc2, so that the protein can no longer be tyrosine phosphorylated, completely abolishes the checkpoint (Fig. 2) . Sec ond, overexpression of Cdc25, the major Cdc2 tyrosine-15 phosphatase, likewise drives cells through the check point (Fig. 3A) . Finally, inactivation of the Weel and Mikl, the two Cdc2 tyrosine kinases, after the check point is established causes the checkpoint to fail and cells to re-enter the cell cycle (Fig. 4) . These results are consistent with the simple model that the G2 DNA dam age checkpoint operates by maintaining Cdc2 in its tyrosine-phosphorylated G2 form while the DNA damage signal persists, thus preventing mitosis. We cannot ex clude more complicated models that postulate the exis tence of some other form of negative regulation of Cdc2 that is effective only in concert with tyrosine phosphory lation of Cdc2. However, given the fact that tyrosine phosphorylation of Cdc2 is both necessary and sufficient to arrest cells in G^, such models are not required (Rus sell and Nurse 1987; Aligue et al. 1994 ; this study).
There has been speculation that the S. pombe G^ DNA damage checkpoint may be independent of Cdc2 tyro sine-15 phosphorylation (Sheldrick and Carr 1993; Carr 1995) . This hypothesis is based largely on the observa tion that weel-50 mikl A cells show a cell cycle delay in response to radiation at the restrictive temperature. The fact that the kinases are not required for a short cell cycle delay was interpreted to demonstrate that tyrosine phos phorylation of Cdc2 was not required for the delay. As we have shown in Figures 4 and 5 , weel-50 mikl A cells do show a transient cell cycle delay in response to radia tion at the restrictive temperature. However, the tyro sine-15 kinase activity of Weel and Mikl is only half of the equilibrium that maintains the phosphorylation of Cdc2. Even in the absence of these kinases, the DNA damage checkpoint reduces the rate of tyrosine dephosphorylation of Cdc2, maintaining Cdc2 in its tyrosine phosphorylated state and leading to a transient cell cycle delay (Fig. 5B) . These results explain the previous obser vations with the weel-50 miklA strain (Sheldrick and Carr 1993 ) and reconcile them with the absolute require ment of Cdc2 tyrosine-15 phosphorylation in the G^ DNA damage checkpoint.
The role of the Cdc2 tyrosine phosphatase and kinases in the G2 DNA damage checkpoint
The central role for Cdc2 tyrosine-15 phosphorylation in the G2 DNA damage checkpoint raises the question of how this phosphorylation is regulated. Although we can not directly answer this question, our results suggest that rate of tyrosine dephosphorylation of Cdc2 plays an important role in the mechanism of the checkpoint. When Weel and Mikl, the kinases that phosphorylate Cdc2 on tyrosine-15, are inactivated, there is still a ra diation-induced delay of Cdc2 tyrosine dephosphoryla tion (Fig. 5B ). This delay can be attributed only to a change in the rate of dephosphorylation of Cdc2. This delayed dephosphorylation of Cdc2 is presumably a re sult of a reduction in the activity of Cdc25, the major Cdc2 tyrosine-15 phosphatase in fission yeast (Millar et al. 1991 (Millar et al. , 1992 . The reduction of the Cdc25 activity could be through direct down-regulation of enzyme-spe cific activity or abundance, or through changes in the accessibility of Cdc2. The mitotic induction process is 508
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Cold Spring Harbor Laboratory Press on November 2, 2017 -Published by genesdev.cshlp.org Downloaded from thought to involve a positive feedback loop in which Cdc2 catalyzes directly or indirectly the activation of Cdc25 via phosphorylation (Dunphy 1994; Kumagai and Dunphy 1996) . In S. pombe, the activations of Cdc2 and Cdc25 that occur at the G2-M transition are mutually dependent, observations consistent with a Cdc2-Cdc25 positive feedback loop (Gould and Nurse 1989; Kovelman and Russell 1996) . Therefore, one possible mecha nism for the inhibition of Cdc2 tyrosine dephosphorylation is the interruption of this Cdc25 activation loop.
Our findings do not exclude the possibility that the checkpoint mechanism also involves up-regulation of Weel and/or Mikl following DNA damage. Because weel-50 mikl A cells are able to arrest at the permissive temperature, Mikl alone cannot be required for the ar rest. Likewise, weel A cells also exhibit a cell cycle arrest under the same conditions (data not shown), in agree ment with previous results (Barbet and Carr 1993) . Thus, Weel and Mikl provide redundant activities in the G2 DNA damage checkpoint. However, it remains to be seen whether Weel and Mikl simply serve in their regu lar G2 role to phosphorylate Cdc2 or whether the activi ties of these kinases are up-regulated in response to DNA damage.
The role of Cdc2 tyrosine phosphorylation in other species
In view of the high degree of conservation of mitotic controls among eukaryotic species, it is reasonable to speculate that the checkpoint mechanisms regulating mitosis would also be conserved (Nurse 1990; Dunphy 1994) . This is, however, not the case for S. cerevisiae, where tyrosine phosphorylation of CDC28 does not play a major role in mitotic control or in the DNA damage checkpoint (Amon et al. 1992; Sorger and Murray 1992) . The situation also seems to be more complicated in mammalian cells. It has not been possible to test directly whether Weel-like kinases are required for the DNA damage Gj checkpoint in mammals, although mainte nance of Cdc2 tyrosine phosphorylation and a failure to activate Cdc25C tyrosine phosphatase are correlated with G2 arrest induced by DNA damage (O'Connor et al. 1994; Herzinger et al. 1995) . Furthermore, expression of the unphosphorylatable Cdc2-AF mutant in HeLa cells prevents Cdc2 activation from being blocked by the checkpoint and greatly reduces the G2 delay in response to radiation (Jin et al. 1996; A. Blasina and C. McGowan, pers. comm.) . This demonstrates that tyrosine phos phorylation of Cdc2 is a important part of the G2 DNA damage checkpoint in mammals. However, Cdc2-AF ex pression does not abolish the checkpoint completely. In stead, cells go into a delayed or abnormal mitosis (Jin et al. 1996; A. Blasina and C. McGowan, pers. comm.) . This may reflect the fact that mammalian cells appear to have multiple controls over the initiation of mitosis, one in volving Cdc2 and another involving the NIMA protein kinase (Fry and Nigg 1995; Lu and Hunter 1995) . Thus it is possible that tyrosine phosphorylation of Cdc2 is re sponsible for restraining Cdc2 activity in response to DNA damage and that another checkpoint mechanism regulates other mitotic controls. The obvious conclusion is that there is a correlation between the importance of Cdc2 tyrosine phosphorylation in normal mitotic con trol and its role in the G2 DNA damage checkpoint. This correlation implies that the G2 DNA damage checkpoint in various organisms relies on whatever mechanism con trols the timing of normal mitoses. By feeding in up stream of the normal mitotic controls, the DNA damage checkpoint is able to utilize efficiently the regulator ma chinery that is already in place.
Materials and methods
General methods for studying fission yeast were performed as described . Unless otherwise stated all strains (Table 1) were grown in yeast extract-glucose (YES) me dia at 25 °C. Synchronous cultures were prepared by centrifugal elutriation with a Beckman JE-5.0 elutriation rotor (Creanor and Mitchison 1979) . Cells were irradiated with 7-radiation from a ^'''Cs source at 3.3 Gy/min at room temperature, which ranged from 23°C to 25°C. For the weel-50 mikl A temperature shift irradiation experiment, after 60 min of irradiation at room tem perature, half of each of the irradiated and unirradiated cultures were shifted 35°C. To continue radiation exposure at 35°C, the 35°C irradiated culture was alternatively irradiated for 20 min and then incubated at 35°C for 20 min. The temperature of the culture varied between 32°C and 35°C. The 25°C irradiated cul ture was irradiated in the same manner and varied between 24°C and 25°C. The number of cell having passed mitosis was determined by the number of cells having begun or finished septation divided by the total number of cells. For nmtl expression experiments, cells were grown in Edin burgh minimal media 2 (EMM2), supplemented with leucine, uracil, adenine, and histidine, with or without 5 lag/ml thia mine. For the Cdc25 overexpression experiments, cells were grown for 20 hr without thiamine and then irradiated for 3 hr in the same media. For the Chkl overexpression experiments, cells were grown without thiamine for 18 hr. In both cases, cells were photographed using phase contrast optics.
Immunoprecipitations and Western blots
For each sample, 10 ODgoo units of cells were harvested by centrifugation, washed once in ice-cold stop buffer (150 mM NaCl, 50 mM NaF, 10 mM EDTA, 1 mM NaNa), and frozen as cell pellets at -70°C. All steps in the immunoprecipitations were done at 4°C, using standard procedures (Harlow and Lane 1988) . Cells were thawed in 200 ]il of lysis buffer (150 mM NaCl, 50 mM Tris at pH 8.0, 50 mM NaF, 5 mM EDTA, 1 mM NaVn04, 1 mM PMSF, 10% glycerol, 1% NP-40, and 5 jig/ml each of aprotinin, leupeptin, and pepstatin), broken by vortexing with glass beads, and centrifuged to prepare a cleared cell extract. The protein concentrations of the supematants were measured at 280 nm and normalized with lysis buffer. Cdcl3 was immunoprecipitated using the polyclonal rabbit serum E7 bound to pro tein A-Sepharose. The Sepharose beads were washed 3 times with Lysis buffer and then boiled in SDS-PAGE sample loading buffer. Samples were electrophoresed on a 6%-12% polyacrylamide gradient gel and transferred to Immobilon (Millipore) with a semi-dry blotting apparatus. The blots were probed with a mouse monoclonal antibody against phosphotyrosine (Up state Biotech), then stripped and reprobed with a mouse mono clonal antibody against the PSTAIR peptide. In both cases, the primary antibody was detected using an HPR-conjugated antimouse IgG antibodies (Promega) and Luminol reagents (Pierce). For the Sucl precipitations, Sepharose-coupled Sucl was sub stituted for protein A-Sepharose-bound a-CdcI3 antibodies (Brizuela et al. 1987) .
Construction of the nmtl-GST-chkl fusion
The nmtl-GST-chkl fusion (pBF147) was constructed by in serting the coding region of GST flanked with Ndel sites into the Ndel site of the pRepI based nmtl-chkl expression plasmid (pBF146) [Maundrell 1993 ). The activity of the GST-Chkl fu sion was confirmed by overexpression in a wild-type back ground. For the construction of the integrating nmtl-GST-chkl fusion vector (pBF161 j, the Pstl-Sstl fragment from pBF147 was ligated into the Pstl and Sstl sites of pJKI48 (Keeney and Boeke 1994) . Integration was targeted to the leul-32 locus in OM1603.
